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Abstract
A transition-metal oxide NaCo2O4 is a layered oxide in
which CoO2 and Na alternately stack along the c axis. Re-
cently we have found that this compound shows large ther-
mopower with low resistivity, which is comparable to those
of Bi2Te3. The negative transverse magnetoresistance and
the strongly temperature-dependent Hall coefficient sug-
gest that electron correlation dominates the conduction
mechanism in NaCo2O4.
1 Introduction
Transition-metal oxides are known as a large class of
materials where the band width and the carrier den-
sity can be controlled by cation substitutions. They
exhibit various physical properties, e.g., ferroelectricity,
magnetism and superconductivity. Since the discovery
of the high-temperature superconductors, transition-metal
oxides have attracted renewed interest, and a number of
new materials and new phenomena have been discovered
in the past decade.
The search for new thermoelectric (TE) materials has
also come to a new stage where ternary or quarternary
compounds are extensively examined [1]. A filled Skut-
terudite is a prime example of the newly discovered TE
materials [2]. Very recently we discovered that a layered
oxide NaCo2O4 shows large thermopower and low resistiv-
ity, whose power factor is comparable to that for Bi2Te3
[3]. This strongly suggests that NaCo2O4 is a possible
candidate for a TE transition-metal oxide.
NaCo2O4 is an old material, which was synthesized in
1970’s [4], even though the metallic conduction has been
reported recently [5]. Figure 1 shows the schematic view
of the oxygen network of the CoO2 block in NaCo2O4.
Edge-shared distorted octahedra (and Co in the center of
them) form a triangular lattice. Na cations and CoO2
blocks alternately stack along the c axis to make a layered
structure.
A characteristic feature is that the mobility for
NaCo2O4 is ten times smaller than that for Bi2Te3. In
other words, the carrier density for NaCo2O4 is ten times
larger, implying that small carrier density is not an origin
for the large thermopower. Hence there should be another
mechanism to cause large thermopower, and the elucida-
tion of the conduction mechanism in NaCo2O4 may give
a new principle to design TE materials. Here we report
the measurements of the various transport parameters of
Fig. 1 The oxygen network of CoO2 block in NaCo2O4.
NaCo2O4 single crystals, and discuss the anomalous con-
duction mechanism quantitatively.
2 Experimental
Single crystals of NaCo2O4 were prepared by a NaCl-
flux technique with Al2O3 crucibles. The as-grown crys-
tals were washed in water to remove the NaCl flux. The
crystals were thin along the c axis with a typical dimension
of 1.5×1.5×0.02 mm3.
Transport parameters were measured only along the in-
plane direction, since the crystals were very thin along the
out-of-plane direction. Thermopower was measured in the
configuration where one edge of the sample was pasted on
a sapphire plate with the other pasted on a sheet heater.
Temperature (T ) was monitored by two diode thermome-
ters attached on the edges. The contribution of copper
leads was carefully subtracted. Transverse magnetoresis-
tance and the Hall coefficient were measured in sweeping
field (H) from 0 to 8 T using an ac-bridge nano-ohm-meter
(Linear Research LR201).
3 Results
Figure 2(a) shows the resistivity (ρ) of NaCo2O4 sin-
gle crystals. The magnitude of resistivity ranges from 200
to 600 µΩcm at 300 K, which is possibly due to the un-
controllable disorder or nonstoichiometry of the Na con-
tent. We observed that ρ of polycrystalline Na1.1+xCo2O4,
monotonically increases with x [6]. In contrast to ρ, the
thermopower (S) is less sensitive to the crystal quality
[Fig. 2(b)]. It should be noted that the magnitude of
S (100 µV/K at 300 K) is one-order-of-magnitude larger
than conventional metals. As is often observed in con-
ventional metals, S is roughly proportional to T , which is
consistent with the fact that ρ exhibits metallic conduction
from room temperature down to 1.5 K.
The Hall coefficient (RH) is plotted as a function of T in
Fig. 3. The magnitude of RH at 4.2 K is 2×10
−3 cm3/C,
corresopnding to the carrier density of 1021 cm−3. This is
consistent with the fact that NaCo2O4 has ten times larger
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Fig. 2 (a) Resistivity and (b) thermopower of NaCo2O4
single crystals. Different samples are denoted by #.
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Fig. 3 Hall coefficient of a NaCo2O4 single crystal. Cur-
rent is applied along the in-plane direction, and magnetic
field is parallel to the c axis.
carrier density than Bi2Te3. Note that RH shows the op-
posite sign to S. This clearly indicates that the electronic
states cannot be understood by a simple parabolic band
picture. Another feature is the remarkable T dependence.
In conventional metals, 1/RH is proportional to the car-
rier density (or density of states at the Fermi energy), and
is independent of T in the lowest-order approximation.
Figure 4 shows the transverse magnetoresistance (MR),
where negative MR is observed at 4.2 K. As T is low-
ered, positive MR (roughly proportional to H2) overlaps
with the negative MR. A possible origin for the negative
MR is weak localization or scattering by spin fluctuation.
Considering that the metallic conduction continues down
to 1.55 K (see the inset of Fig. 4), the former is unlikely
to occur. Magnetic measurements have shown that spin
fluctuation may exist in NaCo2O4. The susceptibility of
NaCo2O4 shows Curie-Weiss-like T dependence [5], and
the Knight shifts of the Na and Co sites show different
T dependence [7]. We further note that ρ depends on T
even below 4.2 K, which indicates that the carriers are not
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Fig. 4 Transverse magnetoresistance of a NaCo2O4 sin-
gle crystal. Current is applied along the in-plane direction,
and magnetic field is parallel to the c axis. The inset shows
the zero-field resistance of the sample.
scattered by ordinary phonons.
4 Discussion
4.1 Electric conduction mechanism
As is seen in the previous section, the large ther-
mopower, the T -dependent Hall coefficient, and the nega-
tive magnetoresistance are difficult to explain by a conven-
tional picture based on the band theory and the electron-
phonon scattering. All these results strongly suggest that,
like high-Tc superconductors, the strong electron correla-
tion is important in the electric conduction in NaCo2O4.
We can expect that the strong correlation enhances |S|
under certain conditions. Since the diffusive part of S
corresponds to the transport entropy [8], larger electronic
specific heat can give larger S. Thus S would be enhanced
if the carriers could couple with some outside entropy such
as optical phonon, spin fluctuation, or orbital fluctuation.
A similar scenario has been applied to heavy fermions or
valence-fluctuation systems, some of which show large S
[9]. The T dependence of ρ and S of NaCo2O4 is, at
least qualitatively, consistent with the theories of 2D met-
als with spin fluctuation by Moriya, Takahashi and Ueda
[10] and by Miyake and Narikiyo [11].
4.2 Effect of layered structure
It should be noted that the half of the Na sites are ran-
domly vacant, that is, the Na layer is highly disordered.
Thus the mean free path (MFP) of phonons will be as
short as the lattice spacing, which means that the lattice
thermal conductivity is minimized. In fact, the thermal
conductivity of polycrystalline NaCo2O4 is as small as that
of Bi2Te3, and it is hardly affected by cation substitutions
[12].
On the other hand, electric conduction is determined
by the CoO2 block that includes little disorder. In low-
dimensional correlated metals, the carriers are often con-
fined in the conducting region, and are hardly affected
by outside disorder. This is known as the “confinement”
[13, 14]. As a result, the electric conduction remains con-
siderably good, together with the minimized lattice ther-
mal conductivity. In other words, MFP of carriers can be
much longer than MFP of phonons in NaCo2O4.
We propose that strongly correlated layered conductors
are promising as new TE materials, in the sense that lat-
tice thermal current and electric current can flow in differ-
ent paths in the crystal. In this context we may call them
a new type of ‘electron crystals and phonon glasses’ [2].
5 Summary
In summary, we prepared single crystals of metallic lay-
ered transition-metal oxide NaCo2O4, and measured the
thermoelectric power, the Hall coefficient, and the mag-
netoresistance. All the measured quantities are unconven-
tional: (i) the thermoelectric power is unusually large (100
µV/K at 300 K), (ii) the Hall coefficient strongly depends
on temperature, and (iii) the magnetoresistance is nega-
tive at 4.2 K. These results indicate that the conduction
mechanism in NaCo2O4 is not explained by a conventional
band-picture and electron-phonon scattering.
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